cent studies have shown that asymmetric dimethylarginine (ADMA), a nitric oxide synthase inhibitor, is increased in hypertension and chronic kidney disease. However, little is known about the effects of hypertension per se on ADMA metabolism. The purpose of this study was to test the hypothesis that ANG II-induced hypertension, in the absence of renal injury, is associated with increased oxidative stress and plasma and renal cortex ADMA levels in rats. Male SpragueDawley rats were treated with ANG II at 200 ng·kg Ϫ1 ·min Ϫ1 sc (by minipump) for 1 or 3 wk or at 400 ng·kg Ϫ1 ·min Ϫ1 for 6 wk. Mean arterial pressure was increased after 3 and 6 wk of ANG II; however, renal injury (proteinuria, glomerular sclerosis, and interstitial fibrosis) was only evident after 6 wk of treatment. Plasma thiobarbituric acid reactive substances concentration and renal cortex p22 phox protein abundance were increased early (1 and 3 wk), but urinary excretion of isoprostane and H2O2 was only increased after 6 wk of ANG II. An increased in plasma ADMA after 6 wk of ANG II was associated with increased lung protein arginine methyltransferase-1 abundance and decreased renal cortex dimethylarginine dimethylaminohydrolase activity. No changes in renal cortex ADMA were observed. ANG II hypertension in the absence of renal injury is not associated with increased ADMA; however, when the severity and duration of the treatment were increased, plasma ADMA increased. These data suggest that elevated blood pressure alone, for up to 3 wk, in the absence of renal injury does not play an important role in the regulation of ADMA. However, the presence of renal injury and sustained hypertension for 6 wk increases ADMA levels and contributes to nitric oxide deficiency and cardiovascular disease. kidney; protein arginine methyltransferase-1; dimethylarginine dimethylaminohydrolase; oxidative stress NITRIC OXIDE (NO), an important mediator of vascular tone and renal function, regulates glomerular, vascular, and tubular function in the kidney (20). Regulation of NO biosynthesis is complex, and the endogenous competitive inhibitor of NO synthase (NOS), asymmetric dimethylarginine (ADMA), is one important influence on NO production. ADMA is generated by protein arginine methyltransferase (PRMT) class 1 (PRMT-1) enzymes (1). Some ADMA is excreted in the urine, but the major route of ADMA elimination is via metabolism by dimethylarginine dimethylaminohydrolase (DDAH)-1 and DDAH-2 (28). The kidney plays an important role in the metabolism of ADMA, inasmuch as the highest density of the DDAH enzymes is found in the kidney cortex (30); however, these enzymes are also abundantly expressed in many other organs, including the liver and lung.
NITRIC OXIDE (NO), an important mediator of vascular tone and renal function, regulates glomerular, vascular, and tubular function in the kidney (20) . Regulation of NO biosynthesis is complex, and the endogenous competitive inhibitor of NO synthase (NOS), asymmetric dimethylarginine (ADMA), is one important influence on NO production. ADMA is generated by protein arginine methyltransferase (PRMT) class 1 (PRMT-1) enzymes (1) . Some ADMA is excreted in the urine, but the major route of ADMA elimination is via metabolism by dimethylarginine dimethylaminohydrolase (DDAH)-1 and DDAH-2 (28) . The kidney plays an important role in the metabolism of ADMA, inasmuch as the highest density of the DDAH enzymes is found in the kidney cortex (30) ; however, these enzymes are also abundantly expressed in many other organs, including the liver and lung.
There is a robust correlation between ADMA levels and severe cardiovascular events and mortality (3) . However, little is known about the effects of high blood pressure per se on ADMA levels. Some small clinical studies have shown a relationship between high blood pressure and high plasma ADMA concentrations (31, 39, 49) , but other reports have not shown the same association (24, 37) . In animal models of hypertension, such as the spontaneously hypertensive rat, some studies have implicated increased ADMA, whereas others report that the hypertension in spontaneously hypertensive rats is not ADMA-dependent (22, 23) . However, when hypertension and renal disease are present, an increased plasma ADMA is observed (5, 23, 34) , and our own experiments have shown that ADMA levels are increased in rat models of chronic kidney disease (CKD), even without elevations in blood pressure (44, 48) .
Because the effects of high blood pressure alone on ADMA metabolism are unknown, the purpose of this study was to determine whether chronic ANG II hypertension without kidney damage is associated with increases in oxidative stress and ADMA levels. To address this issue, we examined the impact of 1 and 3 wk of ANG II infusion on systemic and renal ADMA levels, on the abundance of PRMT-1, and the abundance and activity of DDAH-1 and DDAH-2 in the renal cortex, liver, and lung. We also looked at several indexes of oxidative stress, since oxidants are reported to increase ADMA and are a feature of hypertension (30) . In addition, we incorporated a group infused with high-dose ANG II for 6 wk, where sustained hypertension and CKD were evident.
MATERIALS AND METHODS
All experiments were performed using male Sprague-Dawley rats (400 -500 g body wt; Harlan Laboratories) in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved and monitored by the University of Florida Institutional Animal Care and Use Committee. Animals were housed under conditions of constant temperature and humidity and exposed to a 12:12-h light-dark cycle. All rats were given free access to regular rat chow and water.
Rats were randomly assigned to one of four groups: control, ANG II infusion for 1 wk, ANG II infusion for 3 wk, or high-dose ANG II infusion for 6 wk. ANG II (Sigma, St. Louis, MO) was infused via osmotic minipump for 1 or 3 wk at 200 ng·kg Ϫ1 ·min Ϫ1 or for 6 wk at 400 ng·kg Ϫ1 ·min Ϫ1 . ANG II at 200 ng·kg Ϫ1 ·min Ϫ1 was expected to increase blood pressure with minimal renal injury over a 1-to 3-wk period, whereas ANG II at 400 ng·kg Ϫ1 ·min Ϫ1 would increase blood pressure and also cause proteinuria and renal structural injury when infused over a 6-wk period.
At the end of the treatment period, all groups of rats were placed on a low-nitrate diet (custom AIN76C, MP Biomedicals, Solon, OH) for 24 h before urine collection. Then the rats were placed in metabolic cages overnight for collection of urine. At the time of death, mean arterial pressure was measured via the abdominal aorta in anesthetized rats, an aortic blood sample was collected, and the kidneys were perfused blood-free with cold PBS. The right kidney was removed and separated into cortex and medulla, sections of the liver and lung were removed, and the tissues were snap frozen in liquid nitrogen. The left kidney was then perfused with 2% paraformaldehyde-lysine-metaperiodate for 8 -10 min and removed.
A subset of control and 3-wk ANG II-infused rats were implanted with indwelling catheters for the measurement of mean arterial pressure in conscious rats. All surgeries were conducted using full sterile technique, with rats under general isoflurane anesthesia (Abbott, North Chicago, IL), and buprenorphine HCl (0.05 mg/kg sc; Reckitt Benckiser Pharmaceuticals, Richmond, VA) was given for analgesia. A Tygon vascular catheter was placed in the left femoral artery, threaded under the skin by trocar, exteriorized at the back of the neck, and primed and plugged. After recovery from anesthesia, the rats were returned to individual cages, in which they moved freely and were allowed to recover for 1 wk. All catheterized rats were trained to accept handling and the activity in the laboratory. Conscious mean arterial pressures were measured via the indwelling catheter. No qualitative differences in mean arterial pressure were observed between the awake and anesthetized animals; mean arterial pressures in this subset of anesthetized rats were 111 Ϯ 4 and 141 Ϯ 5 mmHg for the control and 3-wk ANG II-treated groups, respectively. In the same rats, blood pressures measured in the conscious state averaged 126 Ϯ 1 and 146 Ϯ 6 mmHg for the control and 3-wk ANG II-treated groups, respectively. This finding validates our use of the anesthetized terminal blood pressure measurement for assessment of hypertension in all rats.
Paraffin-embedded kidneys were sectioned at a thickness of 5 m onto Superfrost Plus slides, and kidney sections were stained using a periodic acid-Schiff stain kit (Sigma). The level of renal injury was assessed on a blinded basis on a scale of 0 -5, where 1 involves Ͻ10% damage, 2 represents 11-25% damage, 3 represents 25-50% damage, 4 represents 51-75% damage, and 5 represents 76 -100% damage.
Urine protein concentrations were measured by the Bradford method (Bio-Rad). For creatinine clearance measurements, plasma was prepared using the method of Tsikas et al. (42) with few modifications. Plasma (Ն80 l) was precipitated in acetonitrile at four times its volume and then centrifuged at 15,000 g for 15 min and dried under nitrogen at 45°C. The dried sample was dissolved in glassdistilled water at half of its original sample volume and then centrifuged for 10 min at 15,000 g. Urine samples were diluted 1:50 or 1:200 and then prepared using the method of Tsikas et al. Creatinine was measured by HPLC using the chromatographic method of George et al. (12) . Creatinine was eluted on a 3.9 ϫ 150 mm Waters AccQ-Tag C18 column in a 20 mmol/l potassium dihydrogen phosphate (pH 7.4) isocratic mobile phase, followed by a 60:40 bufferacetonitrile 12-min column washout and then a 5-min reequilibration in 100% buffer (20 mmol/l potassium dihydrogen phosphate buffer, pH 7.4). Creatinine was then measured with a PerkinElmer series 200 HPLC with a series 200 UV detector. Plasma thiobarbituric acid reactive substances (TBARS) concentration was measured using the OxiTek TBARS assay kit (Zeptometrix), urinary H 2O2 excretion was measured using Amplex Red (Molecular Probes), and isoprostane excretion was measured by enzyme immunoassay after pretreatment with ␤-glucuronidase (Oxford Biomedical).
ADMA and L-arginine levels in plasma and kidney cortex homogenates were measured using reverse-phase HPLC with the Waters AccQ-Fluor fluorescent reagent kit by an adaptation of the method of Heresztyn et al. (15) . Briefly, 100 l of plasma or cortex homogenate were mixed with 350 l of borate buffer (pH 9). The sample was placed on an unconditioned Waters Oasis MCX column and then washed with 1 ml of borate buffer, three times with 1 ml of H2O, and then with 1 ml of methanol. The sample was eluted with 1 ml of NH4OH-H2O-methanol (10:40:50), dried under nitrogen gas, and then reconstituted with 50 l of H2O. Recovery was 85%. The sample (50 l) was injected on a Luna 150 ϫ 3 mm C18 reverse-phase column (Phenomenex, Torrance, CA). A flow rate of 1.2 ml/min was used, and intensity was measured using a series 200 fluorescent detector with excitation at 250 nm and emission at 395 nm (PerkinElmer Life and Analytical Sciences, Shelton, CT). Standards contained concentrations of ADMA in the range of 0.125-8 mol/l and L-arginine in the range of 3.12-200 mol/l.
Protein abundances were detected using Western blotting, as previously described (51) . Briefly, samples (200 g of kidney cortex, 150 g of liver, and 75 g of lung) were loaded on a 12% polyacrylamide gel and separated by electrophoresis. Membranes were incubated overnight with specific antibodies: goat anti-DDAH-1 antibody (1:250 dilution), goat anti-DDAH-2 antibody (1:100 dilution), and goat anti-p22 phox antibody (1:50 dilution) from Santa Cruz Biotechnology (Santa Cruz, CA) and rabbit anti-PRMT-1 antibody (1:2,000 dilution) from Upstate Biotechnology (Lake Placid, NY). The membranes were then incubated with corresponding secondary antibodies: donkey anti-goat antibody (1:2,000 dilution; Santa Cruz Biotechnology) and goat anti-rabbit antibody (1:3,000 dilution; Bio-Rad, Hercules, CA). Bands of interest were visualized using enhanced chemiluminescence reagent and quantified by densitometry (VersaDoc imaging system and Quantity One Analysis software, Bio-Rad) as integrated optical density (IOD) after subtraction of background. IOD was factored for Ponceau Red staining (Sigma) to correct for any variations in total protein loading and for an internal standard, and protein abundance is represented as IOD/Ponceau Red/standard. DDAH activity was measured by a colorimetric assay that measures the rate of citrulline production, as previously described (43) . Kidney cortex, liver, and lung were homogenized in sodium phosphate buffer. Tissue homogenate was preincubated with urease for 15 min, and then 100 l of homogenate containing 2 mg of protein were incubated with 1 mmol/l ADMA for 45 min at 37°C. After deproteinization, the supernatant was incubated with the color mixture at 60°C for 110 min. The absorbance was measured on a Tecan Safire optical system at 466 nm. DDAH activity is represented as micromoles of citrulline formation per gram of protein per minute.
Values are means Ϯ SE. Parametric data were analyzed by oneway ANOVA using Prism 4 software (Graph Pad Software, San Diego, CA). Histological (nonparametric) data were analyzed by Kruskal-Wallis test. P Ͻ 0.05 was considered statistically significant.
RESULTS
Blood pressure, renal injury, and urinary nitrate/nitrite (NO x ) excretion. After 1 wk of ANG II treatment, there was a nonsignificant tendency for blood pressure to increase. No changes were observed in renal injury markers or NO x excretion. ANG II at 200 ng·kg Ϫ1 ·min Ϫ1 for 3 wk and at 400 ng·kg Ϫ1 ·min Ϫ1 for 6 wk raised blood pressure in a dosedependent manner (Table 1 ) and lowered 24-h NO x excretion. Proteinuria, glomerular sclerosis, and interstitial fibrosis were significant only in the 6-wk group.
Oxidative stress measures. As shown in Table 2 , ANG II hypertension was associated with increases in markers of oxidative stress, although these were variable among the treatments. Treatment with ANG II for 1 and 3 wk at 200 ng·kg Ϫ1 ·min Ϫ1 increased plasma TBARS concentration but did not affect urinary measures of oxidative stress (H 2 O 2 or isoprostane excretion). Treatment with ANG II for 1 wk increased the abundance of the NADPH oxidase subunit p22 phox in the kidney cortex. Although there was a tendency for the p22 phox abundance to be elevated in the rats treated for 3 wk, this did not reach statistical significance.
Conversely, high-dose (400 ng·kg Ϫ1 ·min Ϫ1 ) ANG II treatment for 6 wk increased urinary H 2 O 2 and isoprostane excre-tion but did not change plasma TBARS concentration or renal cortex p22 phox abundance. ADMA and L-arginine concentrations. In the rats infused with ANG II for 1 wk, a slight increase in plasma L-arginine levels was coupled with a slight decline in plasma ADMA levels (Fig. 1) . Although neither of these changes reached statistical significance, there was a significant increase in the L-arginine-to-ADMA ratio. After 3 wk of ANG II treatment, the opposite was true, with nonsignificant declines in L-arginine and increases in ADMA, resulting in a significant reduction in the L-arginine-to-ADMA ratio. The 6-wk high-dose ANG II treatment increased plasma ADMA almost threefold, also resulting in a fall in the L-arginine-to-ADMA ratio. Because of the changes in plasma levels of ADMA, we also examined the ADMA and L-arginine levels in the cortex of the rats treated with the high-dose ANG II. Despite the increased plasma levels of ADMA at 6 wk of ANG II treatment, there were no changes in L-arginine or ADMA concentrations in the kidney cortex.
Abundance and activity of ADMA regulatory enzymes. We also evaluated the protein abundance of the enzymes that regulate ADMA (PRMT-1, DDAH-1, and DDAH-2) by Western blot (Table 3 ). We found that 1 wk of treatment with ANG II raised renal cortical abundance of DDAH-1 but did not affect abundance of DDAH-1 in liver or lung or abundance of DDAH-2 or PRMT-1 in any organ. No changes were observed in protein abundance with 3 wk of ANG II treatment. Liver and lung from the 3-wk ANG II infusion groups were not available for Western blot analysis. Although the 6 wk of high-dose ANG II treatment did not affect the quantity of the DDAH enzymes, PRMT-1 abundance was significantly elevated in the lung of this group of rats. Because plasma ADMA levels were elevated in rats treated with high-dose ANG II for 6 wk, we also evaluated the activity of DDAH in these animals. DDAH activity, as measured by the production of citrulline, was significantly reduced in the kidney cortex of rats treated with 400 ng·kg Ϫ1 ·min Ϫ1 ANG II for 6 wk (Fig. 2) . No changes in enzyme activity were observed in the liver or lung.
DISCUSSION
The main new findings of this study are that treatment with a high dose (400 ng·kg
) of ANG II for 6 wk, which induced significant renal injury along with marked hypertension, leads to increased plasma ADMA levels. This increased plasma ADMA is associated with elevated PRMT-1 protein abundance in the lung and reduced DDAH enzyme activity (but no change in DDAH-1 or DDAH-2 protein abundance) in the kidney cortex. When a lower dose (200 ng·kg Ϫ1 ·min Ϫ1 ) of ANG II was infused over a shorter duration (1-3 wk), however, circulating levels of ADMA were unchanged and kidney damage was absent. We measured several indexes of oxidative stress, which gave variable results at the three stages of chronic ANG II administration.
Previous studies demonstrated that chronic ANG II hypertension is associated with increased oxidative stress (6, 11, 33) . In the present study, we measured indexes of lipid peroxidation (plasma TBARS and urinary isoprostane excretion) and H 2 O 2 excretion as indexes of oxidative stress. Urinary measures of oxidative stress were elevated only in the rats that exhibited significant renal injury. However, we cannot determine whether the increased urinary H 2 O 2 or isoprostane originated in the kidney or is a reflection of exacerbation of the systemic production of oxidative species. Plasma TBARS (generally considered a relatively insensitive marker of systemic lipid peroxidation) were elevated at 1 and 3 wk but returned to control levels by 6 wk, when kidney damage was apparent. Although they are widely used and accepted, these indirect measures of reactive oxygen species production do not reveal the sites of reactive oxygen species production or action and have significant limitations.
As a direct measure of oxidative stress in the renal cortex, we quantitated the NADPH oxidase subunit p22 phox , which is a critical component of the NADH/NADPH oxidase system and is the predominant source of superoxide in the renal cortex (13, 25) . Vascular gene expression of p22 phox increases during the first 5 days of ANG II hypertension (11, 46 ) but falls at 8 -14 days of ANG II treatment, even though blood pressure remains elevated (11) . Recently, Chabrashvili et al. (6) also showed that 1 wk of ANG II infusion (200 ng·kg Ϫ1 ·min Ϫ1 ) increased p22 phox mRNA in kidney cortex. This finding agrees with our observation that an early increase in renal p22 phox protein abundance returned to control levels after 3 and 6 wk of ANG II infusion. The variability in the responses observed in these different measures of oxidative stress is quite confus- ing, and this is in just one model of hypertension! As Vaziri (47) points out, tissue and cellular production of oxidants is very complex and can involve a number of possible pathways. Furthermore, oxidative stress begets inflammation, which establishes a vicious cycle (47) ; therefore, it is not surprising that the specific markers of oxidative stress vary during the evolution of hypertension and CKD.
The main goal of this study was to investigate the relationship between ANG II-induced hypertension and ADMA regulation. Our observation that plasma and kidney cortex ADMA levels are unchanged in ANG II-induced hypertension at 1 or 3 wk is contrary to our original hypothesis. We and others predicted that ADMA levels would increase secondary to ANG II-induced oxidative stress (6, 11, 33, 41) . Indeed, the rise in blood pressure in response to ANG II infusion (0.7 mg·kg Ϫ1 ·day Ϫ1 ) can be abrogated by treatment with liposomeentrapped SOD (21) . The ADMA regulatory enzymes PRMT-1, DDAH-1, and DDAH-2 are redox sensitive, with increasing levels of oxidative stress causing upregulation of PRMT gene expression and downregulation of DDAH activity (41) . However, in the present study, the only change that we observed in PRMT-1 and DDAH-1 and DDAH-2 protein abundance at 1 and 3 wk of ANG II administration was an increase in renal DDAH protein at week 1, which was associated with a rise in the L-arginine-to-ADMA ratio. As discussed Fig. 1 . Top: plasma concentrations of asymmetric dimethylarginine (ADMA) and L-arginine (B) as measured by HPLC and the ratio of L-arginine to ADMA in plasma from control (CON) rats and rats treated with ANG II (n ϭ 5-11). Bottom: renal cortex concentrations of ADMA and L-arginine as measured by HPLC in tissue homogenates and the ratio of L-arginine to ADMA in renal cortex from rats treated with high-dose ANG II for 6 wk and control rats (n ϭ 6). *P Ͻ 0.05 vs. CON. Renal cortex
Values are mean Ϯ SE (n ϭ5-8), expressed as IOD/Ponceau/Std (see Table  2 footnote). PRMT-1, protein arginine methyltransferase-1; DDAH-1 and DDAH-2, dimethylarginine dimethylaminohydrolase-1 and -2. *P Ͻ 0.05 vs. control. ) in homogenates of kidney cortex, liver, and lung from control rats and rats treated with high-dose ANG II for 6 wk (n ϭ 8 -9). *P Ͻ 0.05 vs. CON.
above, there were variable changes in the different markers of oxidative stress at these time points. Our study demonstrates that chronic infusion of ANG II at 200 ng·kg Ϫ1 ·min Ϫ1 for up to 3 wk is not sufficient to increase circulating or kidney cortex ADMA levels in the rat, despite increased blood pressure.
With 6 wk of high-dose (400 ng·kg Ϫ1 ·min
Ϫ1
) ANG II, we did observe an increase in plasma ADMA levels and a fall in the L-arginine-to-ADMA ratio but no change in renal cortex ADMA content. This was associated with increased PRMT-1 abundance in the lung, but not in the liver or kidney cortex. Bulau et al. (4) showed that the lung is a major source of circulating ADMA; therefore, this increase in PRMT-1 expression likely contributes to the increased plasma ADMA after 6 wk of high-dose ANG II. Although no changes were observed in DDAH-1 or DDAH-2 protein abundance in any tissue, we found that activity of DDAH was reduced in the kidney cortex of rats treated with high-dose ANG II for 6 wk. Among the tissues we studied, we also observed the highest enzyme activity in the kidney cortex, consistent with previous work that showed that the kidney plays a crucial role in the regulation of circulating ADMA levels in the rat (27) . This decline in renal cortex DDAH activity is also likely to have contributed to the increase in plasma ADMA concentration in this group; however, the mechanisms responsible for the decline in DDAH activity remain unknown. The lack of concordance between enzyme activity and abundance underscores the need to better understand the posttranslational regulation of DDAH.
There is considerable variability in the literature on the impact of ANG II on ADMA levels. In clinical studies, Ito et al. (17) showed that an angiotensin-converting enzyme inhibitor (perindopril) and an AT 1 receptor antagonist (losartan), but not a ␤-blocker (bisoprolol), reduced serum ADMA in patients with essential hypertension, even though all three treatments reduced blood pressure to a similar extent. In addition, Delles et al. (8) showed a significant reduction of ADMA levels by an angiotensin-converting enzyme inhibitor (enalapril) and an AT 1 receptor antagonist (eprosartan) in mildly hypertensive men. However, Tomiyama et al. (45) reported that the AT 1 receptor antagonist valsartan had no impact on plasma ADMA in a group of patients with essential hypertension, whereas telmisartan lowered plasma ADMA in the same patients. This was attributed to the additional peroxisome proliferator-activated receptor-␥ agonist action of telmisartan, rather than to angiotensin inhibition (35, 45) .
In cultured endothelial cells, incubation with ANG II for 24 h increased ADMA levels in association with increased PRMT expression and decreased DDAH activity (7) . In contrast, after incubation with ANG II for 18 h, whole kidney slices from normal rats showed increased DDAH-2 protein but no change in DDAH-1 (29) . There are also conflicting reports on the effects of administration of exogenous ANG II on ADMA in vivo. Whereas Hasegawa and colleagues (14) showed that 2 wk of ANG II infusion in mice resulted in a 100% increase in plasma ADMA, Jacobi et al. (19) found no effect of 4 wk of ANG II infusion on plasma ADMA levels. These studies did not examine the effects of ANG II infusion on tissue levels of ADMA. However, Jacobi et al. reported increased DDAH-2 gene expression in the kidney of mice treated with ANG II (with no change in DDAH-1), which could offset the impact of increased PRMT-1 expression and explain the lack of rise in plasma ADMA in their study. In the present study, we found that 1 and 3 wk of ANG II infusion resulted in no change in plasma or renal cortex ADMA levels. In a preliminary report by Wang et al. (50) , 2 wk of ANG II infusion at the same dose used here (200 ng·kg Ϫ1 ·min Ϫ1 ) was also without effect on plasma ADMA levels in rats but did result in increased ADMA concentrations in small mesenteric arteries.
One important finding in the present study is that plasma ADMA was not elevated at 1 and 3 wk of ANG II infusion, where there was little kidney damage. Thus ANG II-induced hypertension alone, in the absence of kidney damage, does not inevitably lead to increased ADMA levels. However, after 6 wk of high-dose ANG II infusion, we did observe an increase in ADMA and significant renal injury (proteinuria, glomerular sclerosis, and interstitial fibrosis). This is consistent with previous reports of increased plasma ADMA in animal models of hypertension associated with renal disease (5, 23, 34) . In addition, we previously reported elevations in plasma ADMA in the 5/6 nephrectomy (44) and chronic glomerulonephritis models of progressive CKD (48) at 15-20 wk after induction of injury. Interestingly, there was little or no hypertension in these CKD models. Our findings are also consistent with clinical data that have shown increased ADMA in the plasma of some patients with CKD and all patients with end-stage renal disease (for review see Ref. 2) .
ADMA is one of many factors that determines NO bioavailability. In addition, ANG II has been shown to modulate the NO system, and the vasoconstriction elicited by ANG II is modulated by NO. Activation of the renin-angiotensin system can decrease or increase NO bioavailability. In vitro experiments showed that inhibition of NOS potentiates the vasoconstrictor effects of ANG II in the isolated perfused kidney (36) , in the in vitro perfused juxtamedullary microcirculation preparation (16) , and in isolated perfused afferent arterioles (18) . ANG II has been shown to stimulate NOS via activation of the AT 1 and AT 2 receptors (38, 40) . In the rat, renal excretion of NO x was increased during short-term (30 -90 min) ANG II infusions but was unchanged during prolonged (5-6 days) ANG II infusion, suggesting that NO synthesis increases during acute, but not chronic, ANG II infusion (9). Mollnau et al. (26) showed that although ANG II infusion increased endothelial NOS mRNA and protein levels, NO production was reduced, possibly due to an "uncoupling" of the enzyme, and Ramseyer and Garvin (32) showed that ANG II decreased endothelial NOS expression in the renal medullary thick ascending limb. In addition, AT 1 receptor activation stimulates superoxide production, which can scavenge NO to form peroxynitrite, thereby decreasing NO bioavailability (10) . In the present study, we found that chronic ANG II infusion for 3 or 6 wk reduced urinary excretion of NO x an indirect measure of NO production. Because of the complex relationships between ANG II and NO production, we cannot determine the precise mechanisms by which NO production is reduced, except that the increased plasma ADMA likely contributes in the 6-wk model.
Perspectives and Significance
Experimental hypertension induced by ANG II in the absence of renal injury is not associated with increased circulating ADMA levels or ADMA concentrations in the renal cortex. When the severity and duration of the treatment were in-creased, plasma ADMA increased, suggesting that renal injury plays an important role in the regulation of ADMA production or metabolism and implying a mechanism by which CKD contributes to NO deficiency and cardiovascular disease. It will be important to evaluate the mechanisms by which ADMA and its regulatory enzymes are modified in other forms of hypertension with and without kidney disease in future animal studies. In addition, clinical studies are needed to determine the factors involved in the elevation of ADMA levels that are observed in human disease. This might provide insights for the development of specific therapies that target ADMA-induced NO inhibition and endothelial dysfunction. It is also important for us to critically evaluate the impact of oxidative stress on ADMA levels, because the effects of oxidant stress may differ on the basis of the type and localization of the oxidant. As indicated in this study, there is a changing pattern of oxidative stress during the evolution of chronic ANG II-induced hypertension. Our studies also highlight the importance of going beyond measures of DDAH enzyme abundance to assess enzyme activity, inasmuch as the regulation of enzyme activity is much more complex than simply the regulation of gene or protein expression.
